A synthetic route to novel benzofuran fused silole derivatives is described and the new compounds were fully characterized. These compounds showed optical and electrochemical properties that differ from their benzothiophene analog. Preliminary results show that these derivatives can be used as blue emitters in organic light emitting devices (OLEDs) illustrating the potential of these new compounds for opto-electronic applications.
Introduction
Synthesis of heteroatomic π-conjugated systems for opto-electronic applications is a highly developed research field since two decades [1] . Following the successful incorporation of thiophene oligomers and polymers in opto-electronic devices, [1] [2] [3] new derivatives featuring B [4, 5] , N [6, 7] , O [8, 9] , Si [10] or P [11] [12] [13] [14] [15] [16] [17] [18] [19] have been developed. In particular, siloles (silacyclopentadienes) found promising applications in the field of organic light emitting devices (OLEDs) [20] [21] [22] [23] . Two main reasons explain the good behaviour of siloles in these devices. First of all, the σ*-π* hyperconjugation between the exocyclic Si-C bonds and the π* orbital of the butadiene moiety drastically lower the LUMO of the siloles, thus enhancing its electron transport ability [10] . Furthermore, the presence of phenyl (or (hetero)-aryl) substituents in the 2,3,4,5 positions of the silole ring (derivative A, Figure 1 ) make it a very efficient solid-state emitter due to the so-called Aggregation-Induced Emission (AIE) effect [24] [25] [26] [27] . This particular effect is attributed to the restriction of intramolecular rotation of the lateral phenyl rings in the aggregated state. The combination of good charge transport properties as well as high photoluminescence quantum yields in the solid state explain the good performances of the devices. Furthermore, following the pioneering work of Tamao, Yamaguchi et al., new synthetic pathways have been developed to prepare silole-containing polyacenes B (Figure 1 ), namely Si-containing ladder-π-conjugated systems [28] [29] [30] [31] [32] [33] [34] [35] [36] . Others families of fused silole derivatives such as Si-containing helicenes [37, 38] and small 2D Polycyclic Aromatic Hydrocarbons (PAHs) [39] were also recently prepared. Other than the synthetic challenge of preparing these derivatives, they appeared highly emissive in solution. However, poor solid-state emission was reported due to strong packing and thus no electroluminescent devices based on these structures have been prepared. However, planar molecules can be used as emitters in OLEDs if an efficient control of the packing of these planar structures in solid state is achieved, allowing to restore their emissive properties. For example, we recently reported on the preparation of ladder-benzofuran fused phospholes C (Figure 1) showing efficient electroluminescent properties in OLEDs if the compound C is diluted in a 4,4 -bis(2,2-diphenylvinyl)-1,1 -biphenyl (DPVBi) matrix [40] . Since Si-containing planar-π-conjugated systems ( Figure 1B ) and benzofuran fused-π-conjugated systems ( Figure 1C ) are highly efficient emitters, we decided to develop and study the properties of Si,O-ladder π-conjugated systems (Scheme 1) as potential efficient fluorescent emitters in OLEDs.
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All experiments were performed in an atmosphere of dry argon using standard Schlenk techniques. Commercially available reagents were used as received without further purification. Separations were performed by gravity column chromatography on silica gel (Merck Geduran 60, 0.063-0.200 mm). 1 H, 13 C and 29 Si spectra were recorded on a on Bruker AV III 300 (Bruker, Billerica, MA, USA) and 400 MHz NMR (Nuclear Magnetic Resonance) spectrometers. 1 H and 13 C NMR chemical shifts were reported in parts per million (ppm) relative to Me 4 Si as external standard. High-resolution mass spectra were obtained on a Varian MAT 311 or ZabSpec TOF Micromass instrument (Varian, Palo Alto, CA, USA) at Scanmat, University of Rennes 1. Elemental analyses were performed by Scanmat, University of Rennes 1. Iodo-substituted benzofuran 1 was synthesized according to the published procedure [32, 41] . UV-Visible spectra were recorded at room temperature on a VARIAN Cary 5000 spectrophotometer (Varian, Palo Alto, CA, USA). The UV-Vis-NIR emission and excitation spectra measurements were recorded on a FL 920 Edimburgh Instrument (Edimburgh, Livingston, UK) equipped with a Hamamatsu R5509-73 photomultiplier (Hamamatsu, Japan) for the NIR domain (300-1700 nm) and corrected for the response of the photomultiplier. Quantum yields were calculated relative to quinine sulfate (φ = 0.54 in H 2 SO 4 0.1 M). The electrochemical studies were carried out under argon using an Eco Chemie Autolab PGSTAT 30(Metrohm, Herisau, Switzerland) potentiostat for cyclic voltammetry with the three-electrode configuration: the working electrode was a platinum disk, the reference electrode was a saturated calomel electrode and the counter-electrode a platinum wire. All potentials were internally referenced to the ferrocene/ferrocenium couple. For the measurements, concentrations of 10 −3 M of the electroactive species were used in freshly distilled and degassed dichloromethane or tetrahydrofuran and 0.2 M tetrabutylammonium hexafluorophosphate.
Synthesis and Characterization

2:
n-BuLi (1.25 mL, 2.0 mmol) was added dropwise to a solution of 1 (490 mg, 1.0 mmol) in THF (20 mL) at −110 • C. After stirring for 10 min, Me 2 SiCl 2 (134 µL, 1.1 mmol) was added at −78 • C and the resulting suspension was allowed to warm quickly to room temperature and stirred overnight at room temperature. After evaporation of the solvent, 2 was purified by column chromatography on silica (petroleum ether) and recrystallized from hexane to give white crystals (75 mg, 0.26 mmol, 26% yield). 1 4: To a 25 mL flask was added 5 mL Et 2 O, magnesium shavings (72 mg, 3 mmol), bromobenzene (324 µL, 3 mmol), iodine and the mixture was stirred at 40 • C for 2 h. The gray suspension was slowly transferred into a THF solution of 3 at −78 • C. The brown mixture was gradually warmed to room temperature, and stirred overnight. The solvent was removed, and the residue was purified by column chromatography on silica (hexane/DCM = 5/1) and recrystallized from hexane and DCM to afford white crystals (165 mg, 0.4 mmol, 40% yield). 1 3 mmol) , iodine, and the mixture was stirred at 40 • C for 2 h. The gray suspension was slowly transferred portion wisely into the THF solution of 3 at −78 • C. The brown mixture was gradually warmed to room temperature, and stirred overnight. The solvent was removed, and the residue was purified by column chromatography on silica (hexane/DCM = 5/1) and recrystallized from hexane and DCM to afford white crystals (147 mg, 0.31 mmol, 31% yield). 1 
6:
To a 25 mL flask was added 5 mL THF, magnesium shavings (72 mg, 3 mmol), 2-bromo-9,9-dibutyl-fluorene (1068 mg, 3 mmol), iodine, and the mixture was refluxed for 3 h. The gray Grignard reagent suspension was slowly transferred portion wise into the THF solution of 3 at −78 • C. The brown mixture was gradually warmed to room temperature, and stirred overnight. The solvent was removed, and the residue was purified by column chromatography on silica (hexane/DCM = 5/1) and recrystallized from hexane and DCM to afford white crystals (408 mg, 0.5 mmol, 50% yield). 1 
Device Fabrication and Characterization
Electroluminescent (EL) devices, based on a multilayer structure have been fabricated onto patterned ITO coated glass substrates from Xin Yang Technology (90 nm thick and sheet resistance below 20 Ω/sq).
Prior to organic layer deposition, the ITO substrates were carefully cleaned. The organic materials (from Aldrich and Syntec) are deposited onto the ITO anode by sublimation under high vacuum (<10 −6 Torr) at a rate of 0.2-0.3 nm/s. The common structure of all the devices (A-G) is the following: 10 nm of CuPc/40 nm of α-NPB/ 10 nm of TcTa/ 20 nm of emitting layer/50 nm of TPBi/1.2 nm of LiF and 100 nm of aluminum as the cathode.
The copper phtalocyanine (CuPc) is used as the hole injection layer (HIL), N,N -diphenyl-N,N -bis(1-naphthylphenyl)-1,1 -biphenyl-4,4 -diamine (α-NPB) and Tris(4-carbazoyl-9-ylphenyl)amine (TcTa) as hole transporting layers (HTL) and 1,3,5-tris(N-phenylbenzimiazole-2-yl)benzene (TPBi) as the electron transport layer (ETL). The emitting layer is the pure compound (devices A and D) or a guest/host system (devices B, C and E-G) with the compound used as a dopant in 1,3-Bis(N-carbazolyl)benzene (mCP) matrix. The guest/host layer is obtained by co-evaporation of the two materials and the doping rate is controlled by tuning the evaporation rate of each material. In this study, the thicknesses of the different organic layers were kept constant for all the devices. The active area of the devices defined by the overlap between the ITO anode and the metallic cathode was 0.3 cm 2 . The current-voltage-luminance (I-V-L) characteristics of the devices were measured with a regulated power supply (Laboratory Power Supply EA-PS 3032-10B) combined with a multimeter and a 1 cm 2 area silicon calibrated photodiode (Hamamatsu). The spectral emission was recorded with a SpectraScan PR650 spectrophotometer (Photo research, North Syracuse, NY, USA). All the measurements were performed at room temperature and at ambient atmosphere, with no further encapsulation of devices.
Results and Discussion
The most straightforward synthetic route to furan-silole ladder compounds may be the reaction of the dimetalated dibenzofuran with R 2 SiCl 2 (Scheme 1), a similar procedure was reported for the synthesis of dibenzofuran-fused phosphole [40] . Effectively, the treatment of iodo-substituted benzofuran 1 with two equivalents of nBuLi produces the corresponding dianion, which was then quenched with Me 2 SiCl 2 at −78 • C leading to compound 2 in moderate yield (26%). This compound was fully characterized by NMR spectroscopies. In particular, a singlet at about δ = +0.60 ppm in 1 H NMR spectrum and a 13 C NMR signal at −3.55 ppm confirmed the presence of Si-CH 3 bond. High Resolution Mass Spectrometry and elemental analysis also confirmed the proposed structure. However, under similar conditions, the reaction with Ph 2 SiCl 2 provided only negligible amount of compound 4, as already published by Ohshita et al. [14] This might be due to the low reactivity of the dilithiated intermediate 1Li. Thus, the procedure was modified to prepare compounds 4-6 from the reaction of 1Li with highly reactive and less bulky SiCl 4 . Dichloro-substituted silole 3 was formed in situ, then the reaction mixture was treated with two equivalents of the corresponding aryl substituted Grignard reagent. This stepwise introduction of aryl groups on the silicon atom was successful for the preparation of bisaryl-substituted siloles since compounds 4-6 have been isolated in good yields after column chromatography (31-50%) and were characterized by HRMS, elemental analysis, and multinuclear NMR spectroscopies. All these data are consistent with the proposed structures. Furthermore, the 29 Si and 13 C NMR shifts around the silole rings of these novel ladder furan-siloles derivatives are different from their thiophene and indole analogues [41] [42] [43] , ( 29 Si NMR: δ (ppm) = −23.2 (indole based derivative [32] ); −18.8 (Benzothiophene-based derivative [32] ); −21.1 (4) ) suggesting that the different aromaticity's of the O-, N-and S-fused cycles influences the electronic distribution within the fused frameworks.
The crystal packing of compound 4 was investigated by X-ray diffraction (XRD) measurements. Single crystals of 4 were obtained by slow evaporation of hexane-dichloromethane mixture solution at room temperature ( Figure 2 and Table S1 ) The fused conjugated system featuring the five heterocycles is almost planar. However, the rather long C-Si bond (d = 1.8692(19) Å) causes a slight distortion of the backbone (Si-C 1 -C 2 -C 3 = 11.8(4) • for 4 for example) (see Table S2 ). The bond length alternation inside the silole ring are classical (d C=C = 1.346(3) Å; d C-C = 1.445(4) Å). As observed for its P-analog, the bond lengths in the furan ring are dissymmetric (d 1 = 1.393(3) Å; d 2 = 1.346(3) Å for 4) reflecting the aromaticity differences of the ring it is fused to (respectively phenyl and siloles). At the intermolecular level, Compound 4 crystallizes as infinite columns in which the fused benzofuran moieties of two different molecules are in π-stacking interactions (d = 3.636 Å) (see Figure 2) . substituted Grignard reagent. This stepwise introduction of aryl groups on the silicon atom was successful for the preparation of bisaryl-substituted siloles since compounds 4-6 have been isolated in good yields after column chromatography (31-50%) and were characterized by HRMS, elemental analysis, and multinuclear NMR spectroscopies. All these data are consistent with the proposed structures. Furthermore, the 29 Si and 13 C NMR shifts around the silole rings of these novel ladder furan-siloles derivatives are different from their thiophene and indole analogues [41] [42] [43] , ( 29 Si NMR: δ (ppm) = −23.2 (indole based derivative [32] ); −18.8 (Benzothiophene-based derivative [32] ); −21.1 (4)) suggesting that the different aromaticity's of the O-, N-and S-fused cycles influences the electronic distribution within the fused frameworks. The crystal packing of compound 4 was investigated by X-ray diffraction (XRD) measurements. Single crystals of 4 were obtained by slow evaporation of hexane-dichloromethane mixture solution at room temperature ( Figure 2 and Table S1 ) The fused conjugated system featuring the five heterocycles is almost planar. However, the rather long C-Si bond (d = 1.8692(19) Å) causes a slight distortion of the backbone (Si-C1-C2-C3 = 11.8(4)° for 4 for example) (see Table S2 ). The bond length alternation inside the silole ring are classical (dC=C = 1.346(3) Å; dC-C = 1.445(4) Å). As observed for its P-analog, the bond lengths in the furan ring are dissymmetric (d1 = 1.393(3) Å; d2 = 1.346(3) Å for 4) reflecting the aromaticity differences of the ring it is fused to (respectively phenyl and siloles). At the intermolecular level, Compound 4 crystallizes as infinite columns in which the fused benzofuran moieties of two different molecules are in π-stacking interactions (d = 3.636 Å) (see Figure 2 ). The optical properties (UV-vis absorption and fluorescence) of compounds 2, 4-6 were studied in dichloromethane (Figure 3 , and Table 1 ). As anticipated, the four compounds 2, 4-6 show similar absorption with a broad band in the visible range (λmax ≈ 370 nm, Figure 3 ). This absorption band is attribute to a π-π* transition of the heteropentacenic backbone. Density functional theory calculations (DFT) performed on compounds 2 and 4 at the B3LYP/6-311+G (d, p) level ( Figure 3 and Table S3 , Figure S3 ) [44] show that both the HOMO (Highest Occupied Molecular Orbital) and LUMO (Lowest Occupied Molecular Orbital) are localized on the entire π-conjugated carbon framework with a contribution of σ*-π* in the LUMO. Thus, the exocyclic groups linked to the Si atom can have an influence on the optical properties. For example, compound 2, with the methyl groups attached to the silicon atom, displays a λmax blue-shifted around 10 nm compared to compounds 4-6 featuring aryl substituents. Note that the UV signature of the fluorenyl group is present between 270 nm and 320 nm in the case of 6. A similar trend is observed for the fluorescence of the compounds. Compounds 2,3-6 show intense fluorescence around 430 nm with a small blue-shift for the derivative 2 (Δλ = 10 nm). Excitation spectra also confirmed the observations made for the UV-vis absorption of compounds 2, 4-6. (see Figure S1 ). The solid-state luminescence of The optical properties (UV-vis absorption and fluorescence) of compounds 2, 4-6 were studied in dichloromethane (Figure 3 , and Table 1 ). As anticipated, the four compounds 2, 4-6 show similar absorption with a broad band in the visible range (λ max ≈ 370 nm, Figure 3 ). This absorption band is attribute to a π-π* transition of the heteropentacenic backbone. Density functional theory calculations (DFT) performed on compounds 2 and 4 at the B3LYP/6-311+G (d, p) level ( Figure 3 and Table S3 , Figure S3 ) [44] show that both the HOMO (Highest Occupied Molecular Orbital) and LUMO (Lowest Occupied Molecular Orbital) are localized on the entire π-conjugated carbon framework with a contribution of σ*-π* in the LUMO. Thus, the exocyclic groups linked to the Si atom can have an influence on the optical properties. For example, compound 2, with the methyl groups attached to the silicon atom, displays a λ max blue-shifted around 10 nm compared to compounds 4-6 featuring aryl substituents. Note that the UV signature of the fluorenyl group is present between 270 nm and 320 nm in the case of 6. A similar trend is observed for the fluorescence of the compounds. Compounds 2,3-6 show intense fluorescence around 430 nm with a small blue-shift for the derivative 2 (∆λ = 10 nm). Excitation spectra also confirmed the observations made for the UV-vis absorption of compounds 2, 4-6. (see Figure S1 ). The solid-state luminescence of compounds 2, 4-6 have been recorded in thin films. The solid-state luminescence of 2 is broadened and red-shifted as an effect of intermolecular interactions (see Figure S2) . However, when bulky substituents are attached to the Si-atom (4-6), there is a good match between solution and solid-state luminescence (Figure S2 ), as the exocyclic fragments prevent intermolecular interaction. This is in good agreement with data previously reported for 4 [43] .
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(a) (b) The redox properties of compounds 2, 4-6 has been investigated by cyclic voltammetry (CH2Cl2 or THF, 0.2 M, TBAPF6, v = 0.1 V.s −1 , see Table 1 ). All compounds show a reversible oxidation wave at relatively low potential and an irreversible reduction process at high potential. Compounds 4-6 display a mono-electronic oxidation wave at around +0.79 V (vs. Fc + /Fc) while 2 is slightly easier to oxidize (Eox = +0.72 V vs. Fc + /Fc). Furthermore, compounds 4-6 featuring aryl substituents are slightly easier to reduce than compound 2. Compared to its P-congeners, compounds 2, 4-6 present The redox properties of compounds 2, 4-6 has been investigated by cyclic voltammetry (CH 2 Cl 2 or THF, 0.2 M, TBAPF 6 , v = 0.1 V.s −1 , see Table 1 ). All compounds show a reversible oxidation wave at relatively low potential and an irreversible reduction process at high potential. Compounds 4-6 display a mono-electronic oxidation wave at around +0.79 V (vs. Fc + /Fc) while 2 is slightly easier to oxidize (E ox = +0.72 V vs. Fc + /Fc). Furthermore, compounds 4-6 featuring aryl substituents are slightly easier to reduce than compound 2. Compared to its P-congeners, compounds 2, 4-6 present a higher band gap [12] . This is in line with the fact that linear phospholes oxides oligomers possess a smaller HOMO-LUMO gap compared to their Si analogs.
The thermal stability of 2, 4-6 was also evaluated by means of thermogravimetric (TGA) analysis and differential scanning calorimetry (DSC) in order to evaluate if these compounds can be evaporated for the construction of OLEDs. While 2 has rather moderate thermal stability (Td 10 = 203 • C, Table 1 ), the three aryl-substituted siloles 4-6 possess a higher stability (td 10 > 290 • C). Notably, 6 is stable up to 385 • C, making it an appealing candidate for insertion into optoelectronic device. Interestingly, 4 and 6, whose optical and electrochemical properties are similar, possess different thermal properties. 4 displays the classical reversible DSC curve upon cyclization (melting up on heating and crystallization upon cooling). In the case of 6, a melting is observed during the first heating cycle, but no crystallization and further melting are observed during the next cycles. This is typical of a glassy state, probably due to the presence of 4 alkyl chains on the fluorine moiety.
Taking in account the thermal stabilities and the physical properties of compounds 2, 4-6, only compounds 4 and 6 were used as emitting material (EM) pure or doped in mCP matrix. In a first attempt, compound 4 (device A) and 6 (device D) were used as pure emitter in the device. The electroluminescence (EL) spectra are shown in Figure 4 . The blue EL emission is red-shifted relative to the emission observed in diluted solution ( Table 1 ). The red-shift is larger for compound 6 (29 nm) comparatively to compound 4 (15 nm). In these devices, luminance and external quantum efficiency (EQE) [45] are moderate (Table 2 ). However, the EL performance is larger for compound 4 relative to device 6. It is believed that charge transport in 6 is low, causing this low efficiency. An increase of the performance could be observed when the compounds are used as dopant in a mCP matrix (Table 2 and Figure S2 ). For compound 4, no modification of the CIE coordinates was observed when the doping ratio increases until 4.5% and an external quantum efficiency (EQE) of 2.5% and a maximum brightness of 1580 cd/m 2 can be reached. A maximum current efficiency (CE) and power efficiency (PE) of 2.8 cd/A and 1.4 Lm/W respectively are therefore obtained. Such values are quite good for the deep blue fluorescent OLED devices obtained with compound 4. When compound 6 is used as dopant in the mCP matrix, a blue-shift of the EL spectrum is obtained relative to the pure material. However, a decrease of electroluminescent performance is observed compared to those of compound 4. For compound 6, the best performance can be achieved when it is used as dopant in the mCP matrix indicating that the presence of the fluorenyl group on the Si atom doesn't favor the charge mobility in the emissive layer. This assumption is supported by the fact that the gradual increase of the doping ratio (Table 2 ) leads to accumulation of charges, a red-shift of the emission properties and a decrease of the performance.
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Conclusions
In conclusion, Si,O-ladder π-conjugated were synthesized and fully characterized. These derivatives display distinct optical and redox properties compared to their PO-analogs, thus emphasizing the role of the aromaticity of the heterocyclopentadiene ring in these ladder compounds. The good emission properties of 4, together with adequate HOMO-LUMO levels and sufficient thermal stability allowed us to prepare blue emitting OLEDs, illustrating the potential of these Si-based emitters for opto-electronic applications.
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